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Abstract. Perspectives for measurements of quarkonia and heavy flavors in heavy ion collisions at the LHC 
are reviewed. 
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1 Quarkonia and heavy flavors: what is 
different at the LHC 

With a nucleus-nucleus center-of-mass energy nearly 30 
times larger than the one reached at RHIC, the LHC will 
open a new era for studying the properties of strongly 
interacting matter at extreme energy densities p. One 
of the most exciting aspects of this new regime is the 
abundant production rate of hard probes which can be 
used, for the first time, as high statistics probes of the 
medium |2j. Futhermore, heavy flavor measurements at 
the LHC should provide a comprehensive understanding 
of open and hidden heavy flavor production at very low x 
values, where strong nuclear gluon shadowing is expected. 
The heavy flavor sector at LHC energies is subject to other 
significant differences with respect to SPS and RHIC ener- 
gies. First, the large production rate offers the possibility 
to use a large variety of observables. Then, the magnitude 
of most of the in-medium effects is dramatically enhanced. 
Some of these aspects are discussed hereafter. 



1.1 New observables 

The Table ^ shows the number of cc and bb pairs pro- 
duced in central A-A collisions at SPS, RHIC and LHC. 
From RHIC to LHC, there are 10 times more cc pairs 
and 100 times more 66 pairs produced. Therefore, while 
at SPS only charmonium states are experimentally acces- 
sible and at RHIC it remains to be seen how much of the 
bottom sector can be explored, at the LHC both charmo- 
nia and bottomonia can be used, thus providing powerful 
probes for Quark Gluon Plasma (QGP) studies. In fact, 
since the T{1S) state only dissolves significantly above the 
critical temperature at a value which might only be 
reachable above that of RHIC, the spectroscopy of the T 
family at the LHC should reveal unique characteristics of 
the QGP 4 . In addition to the centrality dependence of 
the T yield, the study of the T'/T ratio versus transverse 
momentum (px) is believed to be of crucial interest ^ 
(see below). 
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Table 1. Number of cc and bb pairs produced in central heavy- 
ion collisions {b = 0) at SPS (Pb-Pb), RHIC (Au-Au), and 
LHC (Pb-Pb) energies, bb production is negligible at the SPS. 





SPS 


RHIC 


LHC 


N(cc) 


0.2 


10 


130 


N{bb) 




0.05 


5 



On the other hand, studies with open heavy flavors 
also benefit from high statistics measurements. In par- 
ticular, as shown in the following, the reconstruction of 
the pt distribution of mesons in the hadronic chan- 
nel should provide valuable information on in-medium in- 
duced c quark energy loss. 



1.2 Large quarkonium nuclear absorption 

Charmonium measurements at the SPS have shown that a 
detailed understanding of the normal nuclear absorption is 
mandatory in order to reveal any anomalous suppression 
behavior According to Ref. the following observa- 
tions can be made: 

— the J/-0 nuclear absorption in central Pb-Pb collisions 
is two times larger at the LHC than at the SPS; 

— the J/-0 nuclear absorption in central Ar-Ar collisions 
at the LHC is similar to the one in central Pb-Pb col- 
lisions at the SPS; 

— the T nuclear absorption in central Pb-Pb collisions at 
the LHC is similar to the 3/ip nuclear absorption in 
central Pb-Pb collisions at the SPS. 



1.3 Large resonance dissociation rate 

It has been realized that, in addition to the normal nu- 
clear absorption, the interactions with comoving hadrons 
and the melting by color screening, quarkonia can also be 
significantly destroyed by gluon ionization Since this 
mechanism results from the presence of quasi-free gluons, 
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it starts being effective for temperatures above the criti- 
cal temperature but not necessarily above the resonance 
dissociation temperature by color screening. Recent es- 
timates j2j (see Ref. jZj for an update) of the quarko- 
nium dissociation cross-sections show that none of the 
i/ip mesons survives the deconfined phase at the LHC and 
that about 80 % of the T are destroyed. Significant infor- 
mation about the initial temperature and lifetime of the 
QGP should be extracted from the T suppression pattern. 



1.4 Large charmonium secondary production 

An important yield of secondary charmonia is expected 
from B meson decays 0, DD annihilation 0, statistical 
hadronization JD] and kinetic recombination ^J. Con- 
trary to the two first processes, the two last ones explic- 
itly assume the formation of a deconfined medium. The 
underlying picture is that charmonium resonances form 
by coalescence of free c and c quarks in the QGP (llj or 
at the hadronization stage ^OI- According to these models, 
the QGP should lead to an increase of the i/ij) yield ver- 
sus centrality, roughly proportional to (cc) , instead of a 
suppression. Due to the large number of cc pairs produced 
in central heavy ion collisions at the LHC, these models 
predict a spectacular enhancement of the J/V' yield; up to 
a factor 100 relative to the primary production yield |2 
[T^ . Although the statistical accuracy of the present RHIC 
data cannot confirm or rule out such mechanisms JHIj it 
is interesting to extrapolate from secondary charmonium 
production at RHIC to secondary bottomonium produc- 
tion at the LHC. Indeed, the expected multiplicity of hh 
pairs at the LHC is roughly equal to the expected mul- 
tiplicity of cc pairs at RHIC (Table QJ. Therefore, if sec- 
ondary production of charmonia is observed at RHIC, it is 
conceivable to expect the same formation mechanism for 
bottomonium states at the LHC. 
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Fig. 1. Invariant mass spectra of dimuons produced in central 
(6 < 3 fm) Pb-Pb collisions in the ALICE forward muon spec- 
trometer |14| . with a pt cut of 2 GeV/c applied to each single 
muon. The lines correspond to: like-sign correlated dimuons 
from bottom (dotted); unlike-sign correlated dimuons from 
charm (dash-dotted) and from bottom (dashed); unlike-sign 
correlated and unlike-sign non-correlated pairs (solid). 

2 The LHC heavy ion program 

The LHC will be operated several months per year in pp 
mode and several weeks in heavy-ion mode. The corre- 
sponding effective time for rate estimates is 10^ s for pp 
and 10^ s for heavy- ion operation. As described in Ref. 
the "heavy-ion runs" include, during the first five years of 
operation, one Pb-Pb run at low luminosity, two Pb-Pb 
runs at high luminosity, one p-A run and one light-ion 
run. In the following years different options will be con- 
sidered, depending on the first results. Three of the four 
LHC experiments are expected to take heavy-ion data. 



1.5 Complex structure of dilepton yield 

The dilepton mass spectrum at the LHC exhibits new fea- 
tures, illustrated in Fig. ^ It can be seen that, with a 
low Pt threshold of around 2 GeV/c on the decay lep- 
tons, unlike-sign dileptons from bottom decay dominate 
the dilepton correlated component over all the mass range. 
These dileptons have two different origins. In the high in- 
variant mass region, each lepton comes from the direct 
decay of a B meson (the so-called BB-diE channel). In 
the low invariant mass region, both leptons come from 
the decay of a single B meson via a D meson (the so- 
called S-chain channel). Next to leading order processes, 
such as gluon splitting, also populate significantly the low 
mass dilepton spectrum due to their particular kinemat- 
ics. Then, as discussed in more detail below, a substantial 
fraction of the i/'4> yield arises from bottom decays. Fi- 
nally, a sizeable yield of like-sign correlated dileptons from 
bottom decays is present. This contribution arises from 
the peculiar decay chain of B mesons and from B meson 
oscillations (see below) . Its yield could be even larger than 
the yield of unlike-sign correlated dileptons from charm. 



2.1 ALICE 

ALICE (A Large Ion Collider Experiment) is the only 
LHC experiment dedicated to the study of nucleus- nucleus 
collisions [15) . The detector is designed to cope with large 
charged particle multiplicities which, in central Pb-Pb col- 
lisions, are expected to be between 2000 and 8000 per 
unit rapidity at mid rapidity. The detector consists of 
a central barrel {\rj\ < 0.9), a forward muon spectrom- 
eter (2.5 < ry < 4) and several forward/backward and 
central small acceptance detectors. Heavy fiavors will be 
measured in ALICE through the electron channel and the 
hadron channel in the central barrel as well as through 
the muon channel in the forward region. Note that, con- 
trary to the other LHC experiments, ALICE will be able 
to access most of the signals down to very low pT- 

2.2 CMS 

CMS (Compact Muon Solenoid) JHI is designed for high 
Pt physics in pp collisions but has a strong heavy ion 
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program 17 . This program includes jet reconstruction, Table 2. Preliminary yield (S), signal over background (S/B) 

quarkonia measurements (in the dimuon channel) and high and significance (S/VS + B) for quarkonium resonances mea- 

mass dimuon measurements. The detector acceptance, for sured versus centrality in the ALICE forward muon spectrome- 

quarkonia measurements, ranges from -2.5 to 2.5 in rj, ter [Til- The input cross-sections are taken from Ref. [2. Shad- 

with a pt threshold of 3 GeV/c on single muons. Such a owing is taken into account. Any other suppression or enhance- 

Pt cut still allows the reconstruction of T states down to m^nt effects are not included. The numbers correspond to one 

_ Q limits J /ip measurements to high month of Pb-Pb data taking and are extracted with a 2cr mass 

cut. 



2.3 ATLAS 

Like CMS, ATLAS (A Toroidal LHC ApparatuS) ^ is 
designed for pp physics. The detector capabilities for heavy 
ion physics have been investigated recently • As far as 
heavy flavors are concerned, the physics program will fo- 
cus on measurements of 6-jets and T. The detector accep- 
tance for muon measurements is large in r/ (|ry| < 2.4) but, 
like CMS, is limited to high pT- 



3 Selected physics channels 
3.1 Quarkonia 

3.1.1 Centrality dependence of resonance yields 

The centrality dependence of the quarkonium yield, in the 
HH channel, has been simulated in the ALICE detector. 
From the results, displayed in Table El the following com- 
ments can be made. The statistics of J/tp events is large 
and should allow for narrower centrality bins. The ip' mea- 
surement is rather uncertain, because of the small signal 
to background ratio (S/B). The T and T' statistics and 
significance are quite good and the corresponding S/B ra- 
tios are almost always greater than 1. On the other hand, 
the T" suffers from limited statistics. The resonances will 
also be measured in the dielectron channel in ALICE , 
and in the dimuon channel in CMS [HI and ATLAS jT^ . 
providing consistency cross-checks and a nice complemen- 
tarity in acceptance. A recent study ,21, demonstrated 
the capabilities of ALICE to measure the resonance az- 
imuthal emission angle with respect to the reaction plane. 
Such measurements are of particular importance given the 
latest RHIC results on open charm elliptic flow |22| . 

3.1.2 T' /T ratio versus pt 

The Pt dependence of resonance suppression was recog- 
nized very early as a relevant observable to probe the 
characteristics of the deconfined medium Indeed, the 
Pt suppression pattern of a resonance is a consequence 
of the competition between the resonance formation time 
and the QGP temperature, lifetime and spatial extent. 
However, quarkonium suppression is known to result not 
only from deconfinement but also from nuclear effects like 
shadowing and absorption. In order to isolate pure QGP 
effects, it has been proposed to study the px dependence 
of quarkonium ratios instead of single quarkonium px dis- 
tributions. By doing so, nuclear effects are washed out, at 



b (fm) 0-3 3-6 6-9 9-12 12-16 



j/tA 


S (xlO^) 
S/B 

S/VS-HB 


86.48 
0.167 
111.3 


184.6 
0.214 
180.4 


153.3 
0.425 
213.8 


67.68 
1.237 
193.4 


10.46 
6.243 
94.95 


i,' 


S (xlO^) 
S/B 

S/VS-KB 


1.989 
0.009 
4.185 


4.229 
0.011 
6.902 


3.547 
0.021 
8.604 


1.565 
0.063 
9.641 


0.24 

0.273 

7.171 


r 


S (xlO^') 
S/B 

S/VS + B 


1.11 

2.084 

27.39 


2.376 
2.732 
41.71 


1.974 

4.31 

40.03 


0.83 

7.977 

27.16 


0.118 
12.01 
10.42 




S (xlO^) 
S/B 

S/VS + B 


0.305 
0.807 
11.68 


0.653 
1.043 
18.26 


0.547 
1.661 
18.48 


0.229 
2.871 
13.02 


0.032 
4.319 
5.077 




S (xlO^') 
S/B 

S/VS + B 


0.175 
0.566 
7.951 


0.376 
0.722 
12.55 


0.312 

1.18 

13 


0.13 

1.936 

9.274 


0.019 
3.024 
3.73 



least in the px variation of the ratio'^. Following the ar- 
guments of Ref. 0], the capabilities of the ALICE muon 
spectrometer to measure the px dependence of the T' /T 
ratio in central (10 %) Pb-Pb collisions have been recently 
investigated Two different QGP models with differ- 
ent system sizes were considered. The results of the sim- 
ulations (Fig. 121) show that, with the statistics collected 
in one month of data taking, the measured T' jT ratio ex- 
hibit a strong sensitivity to the characteristics of the QGP. 
Note that in the scenario of the upper right panel of Fig. |21 
the expected suppression is too large for any measurement 
beyond the px integrated one. 

3.1.3 Secondary J/i/; from bottom decay 

A large fraction of the J/i/; yield arises from the decay of B 
mesons. The ratio N(55 J/'0)/N(direct J/V') can be de- 
termined as follows. The number of directly produced J/V' 
in central (5%) Pb-Pb coUisions is 0.31 jH^. The corre- 
sponding number of hh pairs (with shadowing) amounts to 
4.56 12. The i/ip branching ratio is 1.16 ±0.10% |H1. 
Therefore N(&6 ^ J/V')/N(direct i/ip) = 34% in 47r. 
These secondary J/t/! mesons from h decays, which are not 
QGP suppressed, must be subtracted from the measured 
J /ip yield prior to J suppression studies^ . They can fur- 

^ Using ratios has the additional advantage that systematical 
detection inefficiencies cancel out to some extent. 

^ Including shadowing and no feed-down from higher states. 
In addition, 1.5% of B mesons decay into Xci(l^') which 
subsequently decay into 7J/V' with a 31 % branching ratio 
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Fig. 2. T'/T ratio versus pT for two different QGP models with different system sizes |24|. The solid curves correspond to the 
"theoretical ratios" . The triangles show the expected measurements with the ALICE forward muon spectrometer in one month 
of central (10%) Pb-Pb data taking (the open triangles correspond to the pt integrated ratios). Error bars are of statistical 
origin only. The horizontal solid lines show the expected value of the ratio in pp collisions. More details on the ingredients used 
in the different scenarios can be found in Ref 



ther be used in order to measure the b cross-section in pp 
collisions , to estimate shadowing in p- A collisions and 
to probe the medium induced b quark energy loss in A-A 
collisions. Indeed, it has been shown [201 that the px and rj 
distributions of those 3/ip exhibit pronounced sensitivity 
to b quark energy loss. In addition, a comparison between 
high mass dileptons and secondary J /ip distributions could 
clarify the nature of the energy loss |26j . 

Due to the large life-time of B mesons, 3/ip from bot- 
tom decay is the only source of 3/ip not coming from 
the primary vertex''^. The best way to identify them is, 
therefore, to reconstruct the invariant mass of dileptons 
with displaced vertices i.e. with impact parameter, dO, 
above some threshold. Simulations have shown that such 
measurements can successfully be performed with dielec- 
trons measured in the central part of ALICE using the 
ITS, the TPC and the TRD ;20' and with dimuons in 
CMS J thanks to the excellent spatial resolution of the 
inner tracking devices of these experiments. It should also 
be possible to disentangle the two sources of J/i/' from the 
slopes of the overall measured 3/ip Pt distributions since 
primary 3/ip have a harder spectrum 20 . Finally, a recent 
study has demonstrated the possibility to isolate J /ip 
from bottom decay in pp collisions, without secondary ver- 



* J/V' from statistical hadronization, kinetic recombination 
and DD annihilation are usually quoted as secondary 3/ip but 
they originate from the primary vertex. 



tex reconstruction, by triggering on three muon events in 
the ALICE forward muon spectrometer. Indeed, in stan- 
dard (dimuon) pp events, the J/V' peak contains 85% of 
primary 3/^ and 15% of 3/ip from B meson decays. The 
situation is totally inverted in tri-muon events because a 
BB pair can easily produce many decay leptons. In such 
events the 3/ip peak contains 85 % of secondary 3/ip from 
bottom decay and 15% of direct 3 ftp EZl- It is obvious 
that this analysis technique becomes less and less efficient 
as the track multiplicity increases. Nevertheless, it could 
still be performed for light-ion systems. 



3.2 Open heavy flavors 

3.2.1 Open bottom from single leptons with displaced 
vertices 

As mentionned above, the dO distributions of leptons from 
heavy meson decays exhibit a significantly large tail be- 
cause heavy mesons have a larger life-time than other par- 
ticles decaying into leptons. Therefore, inclusive measure- 
ments of open heavy flavors can be achieved from the iden- 
tification of the semi-leptonic decay of heavy mesons [201 ■ 
Recent simulation studies [2| performed with the AL- 
ICE central detectors show that with dO > 180 /im and 
Pt > 2 GeV/c, the monthly expected statistics of elec- 
trons from B decays in central Pb-Pb collisions is 5 • 10^ 
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with a contamination of only 10%, mainly coming from 
charm decays. The deconvolution of dO distributions by 
imposing different pt cuts should allow charm measure- 
ments as well. Furthermore, such analyses should give ac- 
cess to the Pt distribution of D and B mesons by exploit- 
ing the correlation between the pt of the decay lepton and 
that of its parent |2()j . 

3.2.2 Open bottom from single muons and unlike-sign 
dimuons 

The possibility to measure the differential B hadron inclu- 
sive production cross-section in central Pb-Pb collisions at 
the LHC has recently been investigated by means of anal- 
yses similar to the ones performed in pp collisions at the 
Tevatron. This study is based on unlike-sign dimuon mass 
and single muon distributions measured with the AL- 
ICE forward muon spectrometer |29| . The principle is first 
to apply a low threshold on single muons in order to 
reject background muons (mainly coming from charm de- 
cays) and therefore to maximize the b signal significance. 
Then, fits are performed to the total (di)muon yield with 
fixed shapes for the different contributing sources and 
the bottom amplitude as the only free parameter. The 
B hadron production cross-section is then obtained after 
corrections for decay kinematics and branching ratios and 
muon detection acceptance and efficiencies. This allows 
to extract the signal over a broad range in px (Fig- Oil' 
A large statistics is expected thus allowing detailed 
investigations on b quark production mechanisms and in- 
medium energy loss. On the other hand, such a mea- 
surement, which can be performed for different central- 
ity classes, provides the most natural normalization for T 
suppression studies. 





+ 


Single muons 




X 


Rn 




o 













































Pj '" [GeV/c] 



Fig. 3. Differential B hadron inclusive production cross- 
section in the most central (5 %) Pb-Pb collisions 29, . Mea- 
surements from unlike-sign dimuons at low and high mass and 
from single muons (symbols) are compared to the input distri- 
bution (curve). Statistical errors (not shown) are negligible. 



3.2.3 Open bottom from like-sign dileptons 

As shown in Fig. ^ a sizable fraction of like-sign corre- 
lated dileptons arise from the decay of B mesons. These 
dileptons have two different origins: 

— The first decay generation of B mesons contains ~ 
10% of primary leptons and a large fraction of D 
mesons which decay semi-leptonically with a branch- 
ing ratio of ^ 12 %. Therefore a BB pair is a source of 
like-sign correlated dileptons via channels like: 

B~^ —^D Ve, D — > anything 

B- D° 7T-, D° ^ e+ anything 
where the B^ B^ pair produces a correlated e^e^ pair 
in addition to the two correlated e+e~ pairs; 

— The two neutral B^B meson systems B^B^ and B'^B^ 
undergo the phenomenon of particle-antiparticle mix- 
ing (or oscillation). The mixing parameters^ are Xd — 

0.17 and X. > 0.49 0. Therefore, a 5°^^ (B°B°) pair 
produces, in the first generation of decay leptons, 70 % 
(50 %) of unlike-sign correlated lepton pairs and 30 % 
(50 %) of like-sign correlated lepton pairs. 

This component is accessible experimentally from the sub- 
traction of so-called event-mixing spectrum from the like- 
sign spectrum [201 ■ The corresponding signal is a reli- 
able measurement of the bottom cross-section since i) D 
mesons do not oscillate 'S' and ii) most (if not all) lep- 
tons from the second generation of D meson decay can be 
removed by a low px threshold of about 2 GeV/c. 

3.2.4 Hadronic charm 

In the central part of ALICE, heavy mesons can be fully 
reconstructed from their charged particle decay products 
in the ITS, TPC and TOE Not only the integrated 
yield, but also the px distribution can be measured. The 
most promising decay channel for open charm detection is 
the D'^ K^TT^ decay (and its charge conjugate) which 
has a branching ratio of 3.8 % and cr = 124 /im. The 
expected rates (per unit of rapidity at mid rapidity) for 

D° (and W) mesons, decaying in a K^ir^ pair, in cen- 
tral (5 %) Pb-Pb at y/s — 5.5 TeV and in pp collisions at 
y/s = 14 TeV, are 5.3-10^^ and 7.5-10~* per event, respec- 
tively. The selection of this decay channel allows the direct 
identification of the particles by computing the invari- 
ant mass of fully-reconstructed topologies originating from 
displaced secondary vertices. The expected statistics are 
~ 13 000 reconstructed D° in 10^ central Pb-Pb collisions 
and ~ 20 000 in 10^ pp collisions. The significance is larger 
than 10 for up to about px = 10 GeV/c both in Pb-Pb 
and in pp collisions. The cross section can be measured 
down to px = 1 GeV/c in Pb-Pb collisions and down to 
almost px = in pp collisions. 

The reconstructed px distributions can be used to 
investigate the energy loss of c quarks by means of the 

^ Time-integrated probability that a produced (Bs) de- 
cays as a _Btj {b") and vice versa. 
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Fig. 4. Ratio of the nuclear modification factors for mesons 
and for charged (non-charm) hadrons with and without energy 
loss and dead cone effect 1321 . Errors corresponding to the case 
"no energy loss" are reported. Vertical bars and shaded areas 
correspond to statistical and systematic errors, respectively. 



nuclear modification factor -Raa I^IH^^^I ■ Even more inter- 
esting is the ratio of the nuclear modification factors of D° 
mesons and of charged (non-charm) hadrons (Ru/h) as a 
function of px- Apart from the fact that many systematic 
uncertainties on i?AA cancel out with the double ratio, 
Ro/h offers a powerful tool to investigate and quantify 
the so-called dead cone effect (Fig.QJ. 



3.2.5 Electron-muon coincidences 

The semi-leptonic decay of heavy mesons involves either 
a muon or an electron. Therefore, the correlated cc and bb 
cross-sections can be measured in ALICE from unlike-sign 
electron-muon pairs where the electron is identified in the 
central part and the muon is detected in the forward muon 
spectrometer. The e/i channel is the only leptonic channel 
which gives a direct access to the correlated component of 
the cc and bb pairs. Indeed, in contrast to e+e" and 
channels, neither a resonance, nor direct dilepton produc- 
tion, nor thermal production can produce correlated e/i 
pairs. Within ALICE, the e/z channel has the additional 
advantage that the rapidity distribution of the correspond- 
ing signal extends from ~ 1 to ~ 3, therefore bridging the 
acceptances of the central and the forward parts of the de- 
tector [33]. Electron-muon coincidences have already been 
successfully measured in pp collisions at ^/s = 60 GeV fSi^ 
and in p-nucleus collisions at ^/s = 29 GeV [HH]- Prelimi- 
nary simulations have shown the possibility, with ALICE, 
to measure the correlated e/i signal after appropriate back- 
ground subtraction . 



4 Summary 

The heavy flavor sector will bring fantastic opportunities 
for systematic explorations of the dense partonic system 
formed in heavy ion collisions at the LHC through a wide 
variety of physics channels. In addition to the channels dis- 
cussed here, further exciting possibilities should be opened 



with, for example, charmed baryons, high mass dileptons, 
quarkonia polarization and dilepton correlations. 
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